Strain induced nanoscale structural transformation is demonstrated in this paper to have the ability of triggering polarity flipping in a wide bandgap system of Mg x Zn 1−x O/MgO/Al 2 O 3 . Relaxation dynamics of semiconductor components under large compressive pressures up to 13.7 GPa were studied by a combination of theoretical analysis and experimental characterizations including in situ reflection high-energy electron diffraction and high-resolution transmission electron microscopy. The gigantic force between MgZnO and ultrathin-MgO/Al 2 O 3 delayed the structural transformation of MgZnO from six-fold cubic to four-fold wurtzite into the second monolayer, and consequently flipped the polarity of the film deposited on relaxed MgO. Additionally, dislocation-induced strain relaxation was suggested to happen around 1 nm thick cubic MgO grown on Al 2 O 3 , instead of the previous well-accepted concept that wurtzite structures can be inherited from the oxygen sub-lattice of sapphire substrates below the critical thickness. Finally, the structural transformation method employing an ultrathin-MgO interfacial layer was demonstrated to be a suitable technique for accommodating the large lattice mismatch comparing with the dislocation-relaxation mechanism achieving a UV photodetector with four orders of rejection ratio of the UV-to-visible photoresponse.
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The persistent interest in manipulating the polarity of polar materials probably arises from its great influence on the bulk electric field distribution, interface/surface energetic states, chemical properties, and finally device performance [1] . It is especially significant for oxide semiconductors owing to their abundance on Earth and increasingly massive research/industrial applications. For example, delicate control of the polarity inside a zinc oxide semiconductor can be utilized to enhance the energy harvesting ability of ZnO-based nanogenerators [2] , to control chemical environments for biosensors [3] , and to achieve two-dimensional electron gas (2DEG) in MgZnO/ZnO interfaces [4] . As a result, any technique or method that can be used to engineer the single polarity in these oxide materials is of great interest and importance.
Considering the close connections between crystal structures and polarities [5, 6] , high-pressure techniques are good candidates for this kind of study due to the versatile abilities in alternating material structures. They have contributed a lot to scientific explorations and discoveries across various research disciplines [7] [8] [9] [10] . However, investigations on highpressure induced metastable crystal structures and polarityrelated issues are not straight forward and the phenomena are usually superimposed on others.
In this case, it becomes much more difficult to achieve an unambiguous conclusion of the direct connections between pressure and polarity alternation mechanism, especially for the compound semiconductor materials which are fabricated by complex processes, molecular beam epitaxy (MBE) and metal organic chemical vapour deposition (MOCVD) for instance. Possible reasons may be the infinite number of growth conditions which complicate the problem. In these processes, it is necessary to adopt suitable buffer (interfacial) layers to modify the complex substrate surface structures and realize a unipolar epitaxial film with high crystal quality. The interface between buffer layer and epilayer plays a key role in the polarity selection inside the epilayer. In some cases, the buffer layers are several nanometres thick, and in an unrelaxed and highly strained condition. Achieving well-defined atomicresolution images and a deep understanding of these interface structures becomes the major target for a clear elucidation of the connections between crystal structures and polarities, especially for the nanometre-scale interfacial structures under high-pressure states.
It has been well established in experiments that the thickness and crystalline structures of the MgO interfacial layer in a Mg x Zn 1−x O/MgO/Al 2 O 3 system could determine the polarity of the wide bandgap Mg x Zn 1−x O semiconductor [11] . An empirical theory of polarity flipping from Znto O-polarity inside Mg x Zn 1−x O was postulated and well accepted, which assumes that the structural change of MgO from cubic into hexagonal (wurtzite) symmetry happens and decides the polarities when the thickness decreases less than 2 nm [11] . This explanation of the polarity selection behaviour and assumption of wurtzite-MgO phase were accepted broadly, partly because this nanometre-thick atomic-flat MgO layer was revealed to be so perfect that it should not be (1 1 1) polar planes of rock-salt cubic MgO which was found bearing significant roughness. Additionally, the conclusion of cubicMgO/wurtzite-MgO transition on Al 2 O 3 was made from Martinez-Boubeta et al [12] by using a magnetron sputtering growth technique and transmission electron microscopy (TEM) structural characterization.
However, a poor crystalline quality of MgO and an ambiguous TEM image made the conclusion questionable. This argument became vulnerable when the wurtzite phase was found to be an unfavourable high-energy state for MgO under compressive strain [13] .
According to previous energetic-structural calculations [13] [14] [15] , rock-salt MgO occupies the lowest energy state in equilibrium comparing with other possible crystalline structures under external compressive pressure and thus becomes the only candidate of the structures of MgO on Al 2 O 3 . Therefore, the mechanisms were still uncertain and the major issue focused on the clarification of the MgO structure under high pressures and its effect on the polarity inheriting choice. We have revealed that nanometre-thick MgO has a clearly unrelaxed cubic structure with big compressive strains [14] , not the wurtzite phase as claimed in previous reports. Regarding the polarity selection mechanism, we postulated before that maybe it was the alloy effect that caused the oxygen polarity [14] . In this paper, we conduct further detailed analysis on the experimental results together with theoretical calculations in order to unveil the polarity selection mechanism, and finally find that the high pressure between Mg x Zn 1−x O semiconductor alloy and MgO/Al 2 O 3 substrate triggers the polarity alternation from Zn-polarity to O-polarity for thick MgO and ultrathin MgO, respectively. The ultrathin MgO layer was found to not only serve as the soft pad between the epilayer and substrate to interlink these two distinct structures, but also provides suitable pressure environments for the abrupt structural transformation from cubic into wurtzite phase inside the first few MgZnO layers. It is exactly the structural transformation that triggers the occurrence of Opolarity inside MgZnO comparing with Zn-polar MgZnO on a thick MgO template, and in the meantime accommodates the large lattice mismatch without introducing more dislocation defects. Lastly, the effect of high pressure on polarity selecting mechanism and the improved crystalline quality is partially demonstrated by the sensitive and superior photoresponse behaviour of photodetector devices in the ultraviolet spectrum region.
Atomic depositions were conducted by using radiofrequency plasma assisted MBE (rf-MBE) with highly purified material sources such as metal Zn (7N), metal Mg (5N) and atomic oxygen atoms in oxygen plasma with charged particles deflected. The structural evolution during the growth was monitored by in situ reflection high-energy electron diffraction (RHEED) and further characterized by using a high-resolution Cs-corrected scanning transmission electron microscope (STEM). Theoretical calculations were conducted by employing a strain relaxation model which has been extensively approved. The micron-size inter-digital metal-semiconductor-metal (MSM) Schottky diodes were fabricated based on the films by using Au-(40 nm)/Ti-(20 nm) as electrodes. Current-voltage (I -V ) curves in the dark and under photon irradiation were measured by using a Keithley 6487 semiconductor parameter analyser. Different irradiation environments were provided by using a mercury lamp with a selectable wavelength of 365 nm and 254 nm and a SpectraPro500i (Acton Research Corporation) optical system with a Xearc lamp combined with a monochromator as the light source, respectively. Custom designed Labview programs were used during the dark-and photo-electrical measurements. The power of the monochromatic UV light source was calibrated by comparing the counts of a standard power meter and those of the photomultiplier in the measurement system at the same wavelengths.
Corundum alumina has been reported to be a complicated oxide crystal with several different atomic surfaces in the (0 0 0 1) plane which can be prepared by different chemical and vacuum treatments [16] . Based on our previous vacuum treatment technique, we can obtain a uniform oxygenterminated surface [17, 18] , which was solidly approved by the clear observation of one oxygen interfacial monolayer between MgO and Al 2 O 3 substrate [14] . This oxygen monolayer modifies the original Al and O co-latticed complex surface structure into a uniform one-atom-terminated surface and hence serves as a key epitaxial template for the determination of the following atomic stacking sequence along [0 0 0 1] direction. It greatly simplifies the varying experimental conditions and makes the following analysis much easier. On the uniform oxygen matrix, a MgO layer with different thickness was epitaxially deposited in an ordered alternation of Mg and O atoms, which significantly influenced the strain environment inside the MgZnO/MgO/Al 2 O 3 system. In this paper, high-quality MgO/Al 2 O 3 samples were prepared by rf-MBE adopting a similar growth condition described in our previous work [18] . The atomic arrangements of the interfacial structure of MgZnO/MgO/Al 2 O 3 are shown in high-resolution TEM and STEM images in figure 1 , and the images along [1 0 −1 0] can also be found in our previous paper [14] . Figure 1(a) shows the structural evolution of MgZnO/MgO/Al 2 O 3 and the bright region between two red lines is marked in order to elucidate the ultrathin MgO and nanometre-thick structural transforming region. Figures 1(b) and (c) show the magnified interfacial structure along MgZnO 1 1 − 2 0 and 1 0 − 1 0 , besides the atomic configurations of the structural transforming areas which are labelled and shown in figures 1(d) and (e) respectively. The structural evolution suggests that oxygen termination was efficiently achieved and well-defined cubic MgO was deposited on the oxygen template. The rock-salt cubic nature of the MgO layer agrees well with the lowest energetic state of rocksalt structures in these theoretical investigations [11, 14, 15] , and consequently, the explanation of polarity selection of Mg x Zn 1−x O on MgO/Al 2 O 3 based on wurtzite MgO becomes vulnerable. One purpose of this paper is to reveal the real relaxation mechanism occurring in this MgO layer when decreasing the thickness to nanometre scale.
The strain relaxation mechanism is proposed to explain the relaxation process of MgO grown on Al 2 O 3 in this section, which was well approved by in situ RHEED monitoring results during the MBE epitaxial growth. Relaxation processes have been well studied in previous literatures on other material systems [19] [20] [21] , and it has been widely recognized that the strained state is favourable until the energy of strained film exceeds a certain dislocation energy with the film thickness exceeding a critical value. In this paper, we adopt the same analysis route for this oxide system as that was successfully approved in GeSi alloy by considering their merits in dealing with large lattice-mismatched systems [21] .
The areal strain energy density is
The energy density of screw dislocation bearing minimum energy is 
. We can get a critical thickness of 6.3 Å for unrelaxed strained rocksalt MgO film on alumina (0 0 0 1) substrate by considering figure 2(b2) . The obvious difference of horizontal distances between RHEED lines in figures 2(b1) and (b2) suggests that the MgO layer firstly held the lattice constant of alumina, in a highly strained state. If we increase the growth time and hence the thickness, by one/two-halves of that shown in figure 2(b1), it immediately transform into the intrinsically relaxed rock-salt structure with a bigger lattice constant. The secondary electron diffraction patterns of Al 2 O 3 substrate plus the weak streaky lines superimposed on that of MgO in figure 2(b1) confirm the ultrathin thickness of the epitaxial MgO layer. While, the large spotty RHEED pattern on top of the streak lines indicates the relaxation process-growth mode transition from 2D planar growth to three-dimensional (3D) island growth in figure 2(b2) . The thickness for MgO in figure 2(b1) could be estimated to be about 5 Å as confirmed in the inset of figures 1(b) and (c). The critical thickness from 7.5 to 10 Å determined from experimental data was consistent with the relaxation calculation results. On these strained and relaxed MgO surfaces, two distinct electric polarities of Mg x Zn 1−x O with different crystalline quality can be reproducibly obtained via strain relaxation assisted structural transformation, which is discussed below.
Static pressure exerted on crystalline oxides can dramatically change materials' properties, especially crystal structures. It was reported that ZnO could transform from wurtzite (space group P 63mc) to rock-salt cubic (space group Fm3m) structure when static compressive pressure is larger than 9.1 GPa [7, 10] . In this section, the planar strain existing inside the growth plane is also demonstrated to play an important role in alternating the crystal structure of The STEM results in figure 1 suggest that the phase transition should be wurtzite-Mg x Zn 1−x O/cubicMg x Zn 1−x O/cubic-MgO/Al 2 O 3 on highly strained cubic MgO, while wurtzite-Mg x Zn 1−x O/cubic-MgO/Al 2 O 3 will be the result on a relaxed MgO template from our previous work and other literatures [11, 22] , and consequently they possess different polarities of O-polar and Zn-polar, respectively. We can observe the sequential evolutions from in situ electron diffraction patterns. In figure 3 , column (a) shows the diffraction change from strained MgO 1 1 − 2 to Mg x Zn 1−x O 1 0 − 1 0 buffer layer. We cannot recognize any structural transition along this direction. However, distinguishable differences were observed in the direction of MgO 1 − 1 0 . At the beginning of deposition of Mg x Zn 1−x O, a highly twisted transient diffraction pattern appears in figure 3(b2) . Afterwards, a streaky electron diffraction pattern indicating 2D growth mode and structural relaxation from cubic into wurtzite Mg x Zn 1−x O is shown in figure 3(b3) . The growth mode dominated the following growth of Mg x Zn 1−x O layers. For clarification, the simulation result of electron diffraction along the rock-salt [1 -1 0] and wurtzite [1 1 -2 0] directions are illustrated in figure 3(c) , which was processed with the help of Electron Diffraction Simulation in the 'Web Electron Microscopy Applications Software' package [23] . The identical characteristics suggest that the twin-crystal cubic nature of the structure existed in the initial growth of the MgZnO layer, as shown in figure 3(b2) .
The above structural evolution can be confirmed by the atomic-resolution STEM results in figure 4 . The upper panels (a1) and (a2) show the enlarged cross-section image from the selected regions in figure 1 inside the pink squares. The atoms are labelled by broken circles with different colours. Al double atomic layers (violet circles) and zigzag O-Al-O structures (red circles for oxygen) can be observed easily, which also served as the signatures for identifying the atomic stacking above. MgO (yellow circles for Mg) is revealed to bear a uniform two-layer structure and provide the unrelaxed template for unipolar epilayers. MgZnO layers are identified by the big Mg x Zn 1−x atoms. The relative position inside MgZnO were determined by bright interstitial space 1 and 2 marked in figures 4(b1) and (b2). We also summarize the atomic evolutions in the centre panel of figure 4 . Strained MgO template (S.T.), cubic Mg x Zn 1−x layer (first structural transition layer, T1), wurtzite oxygen layer (second structural transition layer, T2) and above polar MgZnO layer (P.L.) are clearly labelled in this cross-view atomic model. Besides, the transition layers are also partly labelled on the above panel for clarity. The STEM results suggest that only one Mg x Zn 1−x O monolayer inherited a six-fold cubic structure and structural change from six-fold cubic to four-fold wurtzite occurred abruptly in the second oxygen layer, and finally, resulted in oxygen polarity in Mg x Zn 1−x O films on the highly strained MgO template. On the contrary, we did not observe analogue structural evolution in wurtzite-Mg x Zn 1−x O/relaxed-MgO, which agrees with abrupt structural change from six-fold cubic to four-fold wurtzite during the growth of Mg x Zn 1−x O in a previous report [11] . In order to elucidate the special structural relaxation mechanism clearly, we need to figure out in which condition the structure of MgZnO changes into metastable cubic structures under planar strain inside the growth plane, which serves as the central issue to determine the polarity. Detailed strain analysis is listed as follows.
In the case of ultrathin MgO, the mismatch of ZnO and MgO is ε total = 118.2% × ε MgZnO + ε MgO = 18.2% and then the pressure inside the films is
Finally, by applying the parameters in table 1 to equation (3), we can get the pressure between the MgZnO epilayer and the MgO template as 13.7 GPa with strain inside the films being 11.5% and 4.6% respectively for MgZnO and MgO. Calculation results are consistent with the lattice increase of about 5% in MgO extracted from figure 4, but much larger than the lattice decrease in the MgZnO layer which is about 6%. This 'inconsistency' can be reasonably explained by gradual relaxation under the influence of the above MgZnO layers. While in the case of relaxed MgO, mismatch between MgO and MgZnO is much smaller with a value of 9%. We can get the stress between two oxides as 6.8 GPa with a lattice change of MgZnO inside (0 0 0 2) plane as 5.7%. Considering that the Poisson ratio of wurtzite MgZnO is similar to that of ZnO of 0.351 and cubic MgZnO to that of MgO of 0.186, the volume ratio (V/Vo: V and Vo are volume with and without pressure) would be 82% and 94% for the MgZnO films grown on strained and relaxed MgO, respectively. The volume variation under static compressive pressure is shown in figure 4(c) with blue lines by using the relation from [10] . Two markers with red and green colour in figure 4(c) indicate the volume ratios and in-plane pressures of the strained and relaxed MgO buffer. The red colour is designated in order to show the pressureinduced phase transition from wurtzite to cubic structure inside MgZnO. Therefore, we can conclude that nanoscale phase transition of MgZnO will happen under in-plane stress between 6.8 and 13.7 GPa, which occurs in the same range under 3D compressive pressure. By comparing the crystalline quality of MgZnO on strained and relaxed MgO buffers, a strained buffer was found to serve as a better candidate to accommodate the large lattice mismatch between sapphire and the MgZnO epilayer, consequently suppressing the defects on the above MgZnO epitaxial layer a lot. Detailed analysis on the crystalline quality and defect analysis will be presented elsewhere.
In this section, we would like to qualify the crystalline quality by simply studying the electric response of the film under photo irradiation. [25] . With a high Schottky barrier, the dark current can be well suppressed, and the rejection ratio can be promisingly high, as shown below. The current under 254 nm irradiation is several orders of magnitude larger than that in the dark. Besides, the symmetrical I -V curve demonstrates characteristics of backto-back Schottky barriers inside the Schottky diode and a reduced Schottky barrier model must be adopted to explain the gain mechanism [25, 26] . A large external quantum efficiency of 23% can be extracted from the photoresponse of 53 mA W −1 at a wavelength of 289 nm. More than four orders of rejection ratio of ultraviolet (wavelength from 240 to 290 nm) to visible light photoresponse and the sharp response edges confirm the crystalline quality of the MgZnO film grown on a strainedMgO/sapphire template. The photoresponse in 290-370 nm wavelength range is caused by photo-induced electrons inside the lower-Mg-content buffer, which can also be seen in the absorption spectra [18] .
In this paper, we proposed a theoretical route for investigating the structure evolution of MgO grown on large lattice-mismatched substrate, which is approved by our experimental analysis including in situ RHEED monitoring and ex situ TEM results. Dislocation related strain relaxation was suggested to happen around 1 nm thick MgO on Al 2 O 3 , which has a strained cubic structure instead of a wurtzite phase. Based on the fact of strain-environment dissimilarity of MgZnO/strained-MgO and MgZnO/relaxed-MgO, we clarified that lattice pressure-induced nanoscale structural transformation in the first two layers of MgZnO triggered the polarity flipping on the ultrathin MgO comparing with the case on thick relaxed MgO template. Finally, back-to-back MSM Schottky photodetectors fabricated based on the films and photoresponse performances demonstrated the superior ability of nanoscale structural transformation for accommodating the large lattice mismatch and promoting the crystal qualities.
